The extent to which bone marrow (BM) 
Introduction

Insights into the mechanisms of physiological cell renewal in adult organs are of fundamental importance for medicine and biology. Earlier reports indicate that bone marrow (BM)-derived precursor cells play a role in cell renewal and repair in many adult organs. For example, female patients receiving sex-mismatched bone marrow transplantation (BMT) show integration of male donor cells into brain as neurons, into heart as cardiomyocytes, into kidney as tubular epithelial cells, into liver as hepatocytes and cholangiocytes, and into lung as epithelial and endothelial cells (EC; reviewed in [1]). Similarly, irradiated mice reconstituted with green fluorescent protein (GFP) or lacZ-labelled BM show participation of BM-derived cells in the renewal of endothelial
, epithelial [3, 4] and mesenchymal [5] [6] . Collectively, these findings have lead to the concept that circulating BM-derived precursor cells participate in physiological cell renewal and repair in many adult organs. [4, [7] [8] [9] . However, these interpretations have been questioned on the ground of data indicating methodological problems involved in some of these studies [10] [11] [12] . Therefore, the role of BM in physiological cell renewal is still a matter of controversy.
cells in various organs. In addition, it was reported that mobilization of endogenous bone marrow cells (BMC) after acute myocardial infarction contributes to regeneration of cardiac muscle
Furthermore, it was suggested that haematopoietic stem cells may trans-differentiate into epithelial and also mesenchymal lineage cells
Recent work from our laboratory has shown that human placental alkaline phosphatase (ALPP) is a highly suitable marker enzyme for histological tracking of genetically labelled cells in all tissues, including hard tissues. In contrast to endogenous heatlabile alkaline phosphatases, ALPP is heat-stable and therefore its enzymatic activity is retained after heat pre-treatment of paraffin and methylmethacrylate sections [13] .
As a consequence, ALPPlabelled cells are easily detectable histologically in the total absence of background staining. To examine the role of BM in physiological cell renewal in various organs, we lethally irradiated 3-month-old wild-type (wt) Fischer 344 (F344) rats, and reconstituted them with unfractionated BM from R26-ALPP transgenic (ALPP-tg) sexmatched F344 donors. R26-ALPP-tg rats express ALPP in a ubiquitous and stable fashion under the R26
promoter, which is a 0.8 kb fragment of the ROSA ␤geo 26 promoter sequence [13] [14] [15] . ALPP is mainly expressed in the cell membrane, irrespective of the cell type analysed [13, 16] , and is developmentally neutral in transgenic rats and mice [14] . Graft-versus-host reactions can be ruled out a priori in this co-isogeneic BMT model, because F344 rats are an inbred strain. In this sequential study, the reconstituted rats were followed over a 6-month period after BMT.
Materials and Methods
Animals
All experimental procedures were conducted in compliance with prevailing animal welfare regulations. Hemizygous male or female R26-F344 ALPP-tg rats were mated with wt F344 rats, and the resulting wt and hemizygous tg offspring were genotyped as described [14] . Rats were housed in pairs at 24ЊC and a 12 hrs/12 hrs light/dark cycle with free access to tap water and commercial rat diets (Altromin, Lage, and Ssniff, Soest, Germany). 
Lethal irradiation and bone marrow transplantation
Quantification of endothelial cells in myocardium
MSC isolation, cultivation and staining
MSC were isolated from long bones of wt, ALPP-tg, and BMT rats, using an isolation protocol described elsewhere [17] . [16] . In dose-response experiments with the linear accelerator, we found in two independent experiments that a single irradiation dose of 9 Gy was necessary to obtain wt F344 rats in which host BMC were fully replaced by ALPP-tg BMC (Fig. 1H, I) .
Results
The current study employed two different radiation sources, namely a cobalt-60 source and a linear accelerator. We reported previously that irradiation of F344 rats at a single dose of 8.5 Gy using a cobalt-60 irradiator followed by transplantation with ALPP-tg BM results in full replacement of the haematopoietic compartment as documented by FACS analysis of BMC
A prerequisite for our study was that ALPP is ubiquitously expressed in the target tissues to be analysed. Our 
earlier work had shown that ALPP is strongly expressed in haematopoietic cells, lung, spleen, lymph nodes and in BM stromal cells such as osteoblasts, osteocytes and chondrocytes in R26-ALPP-tg rats
Fig. 1 Expression of the marker enzyme ALPP in tissues of ALPP-transgenic (ALPP-tg) F344 rats and chimerism after reconstitution of irradiated wt rats with ALPP-tg BM. (A)-(G) Histochemical staining showed strong and ubiquitous expression of ALPP in cells of epithelial, endothelial and mesenchymal origin in kidney (A), gut (B), liver (C), heart muscle (D), arteries (E), lung (F), as well as exocrine and endocrine pancreas (G) in ALPP-tg rats. The 5-mthick paraffin sections shown in (A)-(G) were stained for ALPP enzyme activity (BCIP/NBT, purple) overnight at RT after heat pre-treatment, and were counterstained with nuclear fast red. Bars represent 50 m. (H)-(I) FACS analysis of BMC isolated from wt rats lethally irradiated with a linear accelerator, using a single dose of 8 or 9 Gy, and reconstituted with unfractionated BM harvested from ALPP-tg donors. Irradiation with 9 Gy resulted in high ALPP chimerism (96.9 Ϯ 6.4%), whereas chimerism was much lower using a single dose of 8 Gy (53.6 Ϯ 22.7%). Chimerism was determined on the basis of a standard curve. Representative single parameter fluorescence histogram (I) shows hPLAP expression (marker M2) on nearly all BMC in reconstituted wt rats after irradiation with 9 Gy (green line), similar to BMC from hPLAP-tg rats (violet area). Irradiation with 8 Gy (black line) resulted in lower degree of chimerism. The red area depicts ALPP
-(marker M1) BMC from wt control rats. [13, 16] (Fig. 2J, K) . Figure 2L and M shows a representative ultra-thin section of the immunostained heart with the appropriate negative controls (Fig. 2N, O) . The capillary EC shown in Figure 2L and at higher magnification in Figure 2M Figure 2D -F. Under the assumption of a steady state the increase in labelling index should follow a one-phase exponential model [18] . Nonlinear regression analysis of the increase in labelling index over time revealed a half time of 8.36 weeks (Fig. 2P) , and a plateau of 24 Ϯ 14%. These findings suggest that about a fourth of the total capillary EC in the heart are BM derived, and that this myocardial EC compartment undergoes rapid turnover. Second, in the kidney, BM-derived regeneration of EC was not uniform, but followed a distinct pattern: Replacement was most intense in the cortical regions (Fig. 2Q) , in the glomerula (Fig. 2Q) , and in the vasa recta of the renal papilla (Fig. 2S) , but low in the medullary regions (Fig. 2R) .
Epithelial cells in BMT rats are host-derived
While epithelial cells show strong ALPP expression in ALPP-tg rats (Fig. 1A-C, F-G) , we never observed a single ALPP ϩ epithelial cell at any time-point in gut (Fig. 3A) , kidney (Fig. 3B) , liver (Fig. 3C) , skin (Fig. 3D), brain (not shown), lung (Fig. 3E) or pancreas ( Fig. 3F-H 
months after BMT, suggesting that some of these cells have a lifespan exceeding 4 months in the adult rat, even after irradiation (Fig. 3E). Figure 3F to H shows that ALPP ϩ cells found in islets of
Langerhans did not stain positive for insulin (F), somatostatin (G) or pancreatic polypeptide (H), 6 months after BMT.
Lack of BM-derived mesenchymal cells in BMT rats
Osteoblasts, osteocytes and chondrocytes were exclusively ALPP -in bones of BMT rats until the end of study, i.e. 6 months after BMT (Fig 4A-C) . Histochemical staining of blood vessels (Fig. 4D ) and skeletal muscle (Fig. 4E) 
Mesenchymal precursor cells do not engraft in BMT rats
The failure to detect any ALPP ϩ , BM-derived mesenchymal lineage cells in bone or striated and smooth muscle of BMT rats irrespective of the time after BMT prompted us to ask the question whether stromal precursor cells engraft after BMT with unfractionated BM. To answer this question, we isolated and cultivated MSC from BM of wt, ALPP-tg and BMT rats, 4 weeks after BMT. In line with our earlier report [13], MSC from ALPP-tg animals showed strong expression of ALPP as revealed by histochemistry (Fig. 5C). MSC cultivated from the BM of wt (Fig. 5A) and also of BMT (Fig. 5B) rats did not show positive ALPP staining. To rule out a down-regulation of marker enzyme expression in ALPP-tg cells in a wt environment, we performed Southern blot analysis of DNA extracted from the MSC cultures. Southern blot analysis clearly documented the absence of the ALPP transgene in MSC cultures of BMT rats. These findings indicate that mesenchymal precursor cells do not engraft after lethal irradiation of wt rats and reconstitution with unfractionated BM from ALPP-tg donor rats.
Discussion
The [19] , and to neovascularization in wound healing [20] or in scar remodelling after myocardial infarction [21] , other authors failed to find BM-derived EC in mouse models of tumour vascularization or revascularization of ischemic tissue [22, 23] . Some mouse studies suggested that BM-derived cells in blood vessels represent pericytes [22, 23] [24] . In most organs, the number of ALPP-labelled EC increased with time, and, with the exception of kidney, showed a homogenous distribution pattern. damages EC (reviewed in [25] [4, 8, 9, [26] [27] [28] [29] and also mesenchymal cells [30] 
The reason for the regional differences in renal BM-derived EC turnover is currently unclear. It is known that lethal irradiation
Fig. 2 Light and electron microscopic analysis of tissues from wt F344 rats, lethally irradiated and reconstituted with BM from ALPP-tg F344 donors. ALPP ϩ endothelial-like cells in capillaries are evident in kidney (A), pancreas (B) and liver (C), 2 months after BM transplantation (BMT
is shown in (M). Anti-ALPP staining was absent in control sections of hearts from BMT rats when the primary antibody was omitted (N) or in wt controls (O). (P) Nonlinear regression analysis of the time dependent increase in BM-derived EC in the heart muscle revealed a half time of 8.36 weeks for these cells. (Q)-(S) In the kidney, EC turnover showed marked inhomogeneity. BM-derived ALPP ϩ EC were more frequent in cortical regions (Q) and in the Vasa recta of the papilla (S) than in medullary areas (R) throughout the study period, as demonstrated here at 2 months after BMT. The 5-m-thick paraffin sections shown in (A)-(G), (I) and (Q)-(S) were stained for ALPP enzyme activity with BCIP/NBT (purple) overnight at RT after heat pre-treatment, and were counterstained with nuclear fast red. Semi-thin and ultra-thin sections shown in (J)-(O) were immunostained using a monoclonal anti-ALPP antibody by the pre-embedding protocol described in 'Methods
